The use of nanoscale electrocatalysts is a promising strategy for achieving high catalyst activity due to their large surface area. However, catalyst activity is not directly correlated to particle size. To understand this discrepancy, many studies have been conducted, but a full understanding has still not been achieved, despite the importance of particle size effects in designing an active catalyst. In this review, we focus on the discussion of particle size effects on the oxygen reduction reaction, and also discussed the nanoscale design beyond the nanoparticle to the meso and macroscale design.
Introduction
Fuel cells are gaining interest as promising next-generation renewable energy sources due to their high efficiency and environmentally friendly zero emission process [1] . However, in order to commercialize fuel cell applications, one of the biggest hurdles still to overcome is the sluggish oxygen reduction reaction (ORR) at the cathode of the fuel cell. Platinum is one of the best materials for ORR, but its high cost and low abundance limits its use. Researchers are thus aiming to develop more active and cheaper materials to replace Pt. However, decreasing the material size to the nanoscale is also considered a promising solution. Considering that electrochemical reactions occur on the surface, nanoparticles are seen as prime candidates as they have an extremely high surface to volume ratio, and therefore a large number of active sites for reactions. Nanoparticle architecture can be applied to fuel cell applications, where, in particular, alloys with transition metals, coreshell structures, and shape-controlled strategies are considered promising and effective [2, 3] . However, the fundamental understanding of size issues in fuel cell catalysts is still limited owing to the difficulty in controlling the nanoparticle synthesis and understanding the complexity of the surface properties of nanoparticles. Furthermore, the facet exposure and coordination number of bulk material catalysts can also be severely changed in the nanoscale and it is not known how this will affect catalyst activity. Moreover, nanoscale electrocatalysts, generally smaller than 10 nm in size, experience a quantum confinement effect and have characteristics quite different compared to bulk properties. Therefore, to design high activity and long-term stability in nanoscale electrocatalyts, a fundamental understanding of size issues is strongly required.
In this review, we discuss the effect of particle size, from the nanoscale to the macroscale, on fuel cell applications. We summarize the ongoing research regarding the effect of particle size on the specific and mass activities, for better designing of electrocatalysts. We also consider one-dimensional (1D) wire structures, nanoassembled structures such as agglomerate particles, etc. Finally, we discuss mesoscale and macroscale Pt electrocatalysts for the ORR, with the aim of bridging the gap from nanoscale applications to real-time applications in fuel cells.
Size effect on the oxygen reduction reaction activity
With the increasing commercialization of fuel cell applications, nanoparticle catalysts have been considered as promising alternatives due to their high mass activity compared to bulk particles. Despite having been studied for a long time, there still remain controversies about the effect of size on the activity of catalysts. Kinoshita et al. [4] reported on the particle size effect for ORR with highly dispersed platinum nanoparticles. They found that the mass activity was well correlated to the mass-average distribution of (100) and (111) as shown in Fig. 1 , and that the specific activity trend was also well correlated with the surface-average distribution of (100) under the specific anion adsorption condition in their experiment. (Fig.  2 ) Their results showed that the ORR activity was a structure sensitive reaction. The mass activity has maximum values about 3 nm and the specific activity increase as increasing the particle size. Mayrhofer et . Summary of the results from the CO-displacement (a) and cyclovoltammetry (b), as well as from CO bulk oxidation (c) and oxygen reduction reaction (d), showcasing the adsorption of OH and its impact on the electrochemistry at the Pt electrode-solution interface depending on the particle size. All images are reproduced from Ref. [5] with permission American Chemical Society.
al. [5] reported that the particle size effect on the ORR activity trend with electrochemical reaction such as potential of zero total charge (PZTC) and the CO bulk oxidation focused on the adsorption of oxygenated species. They found that the PZTC increased with increasing particle size, which meant that the oxophilicity, a measure of the coverage provided by oxygen species, decreased as shown in Fig. 3 . The bulk CO oxidation and ORR activity was highly correlated with the oxophilicity. CO can be easily oxidized to CO 2 when the size of the nanoparticle is small, considering that the oxidation of CO is governed by the Langmuir-Hinshelwood mechanism. However, in ORR, the high oxophilicity deactivates the surface, due to the blocking effect. From the relationship between ORR activity and the size of the nanoparticles, it appears that oxophilicity can be a good parameter for judging size issues. Considering that oxophilicity is also affected by the surface structure of the nanoparticles, for example, by defects, steps, and terrace sites, it is also well correlated with the previous surface-sensitive reaction.
Computational approaches have also been followed to estimate the size effect on ORR activity [6, 7] . For Pt and Pd, the strong binding energy of the oxygen species leads to a low ORR activity, which means that increasing the particle size (thereby, decreasing the binding energy of the oxygen species) can increase the activity. However, as the particle size decreases, the ORR activity increases in a Au nanoparticle. Because Au binds the oxygen species only weakly, the barrier for ORR is binding to the metal surface of the reactants. Such opposite trends in size effects on the ORR clearly show that an understanding of the binding energy of the oxygen species by varying the nanoparticle size is a critical factor governing the catalyst activity. Tritsaris et al. [7] also reported on the computational atomic-scale modeling of particle size effects for the ORR activity of Pt nanoparticles, and found that when increasing the particle size, the portion of (111) and (100) increase, how- ever that of the step decreases significantly. From the adsorption energy of the oxygen species, intermediates in the ORR, the dissolved edges and corner sites showed no catalytic effects, which lead to the specific activity decreasing with decreasing the size. The results from these computational approaches can help to understand the size-dependent ORR activity at the atomic level.
Generally, it was recognized that the specific activity increases with increasing particle size. However, Nesselberger et al. [8] suggested that the specific activity of Pt nanoparticles (between 1 nm and 5 nm) was insignificant, which suggests the absence of a size effect on ORR activity for Pt nanoparticles with a size less than 5 nm as shown in Fig. 4 . They argued that the previous research was misleading due to the uncompensated resistance and support capacitance. The specific activity trend of extended Pt surfaces, Pt-black particles, and Pt nanoparticles are as follows: Pt surfaces (two-fold increase in ORR activity compared to Pt black) > Pt-black particle (two-fold increase in ORR activity compared to the nanoparticles) > Pt nanoparticles. This trend is in good agreement with previous reports. However, further studies on the size effect of small nanoparticles (from 5 nm to 2 nm) are required. The effect of size on ORR activity has also been reported based on the terrace ration as varying the nanoparticle size. On decreasing the nanoparticle size from 11 nm to 2 nm, the terrace ration also decreases, which has been confirmed by temperatureprogrammed desorption experiments. (Fig. 5) The ORR activity roughly correlated with the proportion of terrace sites on the nanoparticles. In terms of mass activity, the ORR activity showed a maximum value with a 3 nm particle size, which correlates well with previous results [9] . Recently, Nesselberger et al. [10] reported that the particle proximity is important in size-selected nanoparticles. (Fig. 6 ) On controlling the particle distribution, i.e., the edge-to-edge distance, the specific activity was found to be governed by the edge-to-edge distance and not the Pt cluster size. They proposed that the ORR activity was related to the OH coverage, which is, in turn, affected by the potential distribution in the electrochemical double layer. The electric double layer overlap increases when decreasing the distance, and this leads to a lowering of the adsorption potential of the adsorbed species (i.e., oxygen species), due to a decrease in the average potential. The controversies on the particle size effects on ORR activity is mainly due to the different methods used to prepare the nanoparticles, the difficulty in synthesizing monodisperse particles, surface impurities affecting the activity, and inexactitudes in experimental procedures. An understanding of the results from the fundamental studies on ORR activity with respect to particle size is important and further research may be required to clearly understand all the issues. However, regardless of the controversies concerning the size effects on ORR activity, many studies still focus on the development of nanoparticle synthesis and characterization.
Beyond the nanoscale: nanoarchitectures, and meso-and macroscale Pt nanostructures for the oxygen reduction reaction
The other approach to size issues is to increase the dimension. Due to their instability under harsh acidic and potential conditions, nanoparticles are easily aggregated and dissolve in solution, leading to low long-term stability. To overcome this issue, the use of secondary particle types, i.e., porous aggregates, nanoassembled structures, or a one-dimensional (1D) strategy has been reported. Kim et al. proposed highly porous Pt nanoparticles with enhanced activity and durability. They found that the compressive strain induced by the high surface tension can tune the band structure, leading to a low oxygen binding energy [11] . Koenigsmann et al. reported the formation of 1D nanostructures through electroless deposition coupled with a template. Due to the properties of the 1D structure, the activity can be enhanced [12] . In Fig. 7 , Guo et al. also suggested a core/shell nanowire structure, where both long-term stability and high activity were realized by the 1D structure [13] . Mesostructured Pt thin films also have a great potential for high activity and long-term stability. Surface engineering with double gyroid morphology has low fractions of Pt undercoordination sites, which lower the oxygen species binding energy [14] . A mesoscale double gyroid structure also has the advantage of inhibiting particle growth through Ostwald ripening and inhibiting agglomeration and atom migration, ultimately leading to superior long-term stability. The other mesosacle approach is Pt thin films with whiskers. 3M suggest a whisker type nanostructured thin film (NSTF) catalyst for fuel cell applications( Fig. 8 ) [15] . This structure can overcome the limitations of nanoparticle catalysts and achieve high mass activity and specific activity owing to an extended surface area. Previous research has shown that NSTFs are simpler to process than is Pt/C and hence have great potential for practical applications. Recently, Van Der Vliet et al. reported the fabrication of a Pt3Ni (111) mesostructure by heat Fig. 8 . Fuel-cell polarization curve. Measured PEM fuel-cell MEA polarization curve (blue) and iR-free (red) compared to a hypothetical curve for kinetic losses only (green). The difference gives the losses due to mass transport overpotentials (MTO). The polarization curve is from an MEA having electrodes based on the NSTF PtCoMn catalyst (inset) under 150 kPa H 2 /air. All images are reproduced from Ref. [15] with permission Nature Publishing Group. treatment under H 2 conditions [16] . By tailoring the surface property, we could control the near-surface composition and achieve a proper surface orientation. When annealing under H 2 , the metal surface oriented to the (111) face, which was energetically more favorable, had few under-coordinated sites and exhibited a smooth continuous film like structure. (Fig. 9 ) In Fig. 10 , Kim et al. [17] also reported macroscale Pt nanostructures for ORR with superior mass transport in membrane electrode assembly (MEA). They reported the development of an inverse opal structure, a 3D-ordered macroporous material, with interconnected pores and a relatively high surface area, and with the potential for use in energy devices. However, the use of an inverse opal structure in commercial devices is challenging. In experiments concerning the direct application of the Pt inverse opal structure in a gas diffusion layer, high performance was achieved due to the short diffusion path and open interconnected structure. From this multidimensional size strategy, high catalyst utiliza-tion and bridging of the nanoscale to the device can be achieved. Given the structural advantages of the nanoscale architecture, application to other electrochemical energy devices is desired.
Summary
We discussed nanoscale electrocatalyst designs, focusing on size issues. In addition, we summarized the controversies surrounding the effect of particle size on the mass and specific activities. Generally, as the particle size increases, the specific activity increases and the mass activity decreases. However, recent research has suggested that particle size distribution is an important factor governing the specific activity, and hence, sophisticated studies and measurements may be required when considering the use of supported nanoparticles. We also discussed the strategies beyond nanoparticle issues such as 1dimensional structure and nanoassembled structure. Meso-and macroscale architectures, too, have great potential for practical use, not only because of their high activity and stability, but also because of the superior mass transport, which are important factors governing real-time applications in fuel cells.
